To determine the effectiveness of a binary slag consisting of aluminum sulfide and iron sulfide on the removal of copper from steel and iron, the distribution coefficient of copper between the slag and a carbon-saturated iron melt was investigated at 1365°C. The composition of the slag was varied from nearly pure aluminum sulfide to pure iron sulfide. A maximum distribution coefficient of 30 was found, and the copper level in the iron melt was reduced to as low as 0.07 wt.% with a 4:l ratio of iron to slag.
I. INTRODUCTION
Scrap iron and steel has long been considered a resource in the steelmaking industry, and its value is largely determined by its impurity content.
As the mini-mills, the major consumers of scrap iron and steel, expand into producing flat-rolled sheet, the demand for high-quality scrap will increase.
Of the impurities present in scrap, copper is particularly troublesome because of its role in causing hot shortness. Therefore, the copper content of scrap should be kept below ~0 . 1 wt.%. A method for removing copper from steel could be used to improve the quality of scrap and make it more available for use by mini-mills.
Various methods for removal of copper have been tested; however, no single method has proved to be commercially viable and economical.
Because slagging processes are used to remove other impurities from steel, the ideal process for removal of copper would also be slagging. Past research on slagging for copper removal has concentrated on binary slags of iron sulfide combined with sodium sulfide; however, the distribution coefficients were too low for commercial processing. This paper presents results from a study in which a binary slag of iron sulfide and aluminum sulfide was used.
The use of aluminum sulfide improves the thermodynamics over that in other iron-sulfide-based slags and therefore increases the distribution coefficient of copper.
BACKGROUND
In general, a slag chemistry must be found in which copper forms a more chemically stable species in the slag than in the iron, and in which the copper species formed is more stable than the iron species that could be formed with the same anion. The sulfide system is one of the few that satisfy this criterion. The following reaction has a standard free energy of change of AGO = -4.734 kcal/mol (or an equilibrium constant of K1= 4.284) at 1638 K:
Using the equilibrium constant for the reaction in Eq. 1, we can derive an equation for the distribution coefficient of copper (kU) between the slag and steel.
where k is a constant used to convert mol.% to wt.%, ai = the activity of i, yi = the activity coefficient of i, Xi = the mole fraction of i, and Wi = the weight percent of i. Maximizing LcU requires an increase in the activity of iron sulfide, an increase in the activity coefficient of copper, or a decrease in the activity coefficient of cuprous sulfide. The activity coefficient of copper in the steel can be raised by increasing the carbon content or decreasing the silicon content in the steel,' or lowering the melt temperature. However, changes in processing temperature and steel composition have little effect or applicability in a practical sense, and minimizing the activity of i r o n sulfide, which minimizes the sulfur content in the steel, is desirable.
Reduction of the activity coefficient of the cuprous sulfide remains the best way to significantly increase the distribution coefficient for copper between a slag phase and steel.
Work done in determining the enthalpies of mixing (AHm) of binary mixtures of molten salts with a common anion, both charge-symmetrical and -asymmetrical systems, provides a possible basis for reducing the activity coefficient of cuprous sulfide. The negative departures from the ideal of a given salt can be increased significantly (i.e., the activity coefficients can be Silicon sulfide could also be considered because the charge of the silica ion is even higher (+4) and its ionic radius is smaller (-0.38 A) than that of the aluminum ion. However, the free energy of formation per sulfur ion is similar to that of iron, and use of silicon sulfide would result in a large amount of silicon in the steel.
EXPERIMENTAL SETUP
The purpose of this study is to find an optimal slag composition for the removal of copper from molten steel. The experiments discussed in this the iron sulfide and aluminum sulfide were purchased and the stated purity of each was >go%; analysis of the aluminum sulfide confirmed the purity, but the iron sulfide was not specifically analyzed. Weighing of the slag was completed in a helium-atmosphere glovebox.
The slag and steel were placed in a high-density graphite crucible, which was then placed inside a hermetically sealed tube assembly consisting of a mullite tube (closed at one end) sealed to a Pyrex cap by a standard O-ring joint. The assembly was evacuated and backfilled with argon gas, which was used as a cover to minimize the reaction of the slag, especially the aluminum sulfide, with air. The assembly was heated in a furnace with molybdenum disilicide resistance heating elements to bring the samples to 1638 K; the samples were maintained at temperature for 3 h, which was deterrnined to be more than sufficient to achieve equilibrium. The programmed temperature of the furnace was maintained to within 5°C of the set point with a platinum/platinum-10% rhodium thermocouple that was also used for temperature readout. The molten steel/slag mixture was continuously stirred with a graphite impeller and stirring rod for the duration of the test.
At the completion of the test, the crucible was either quenched in argon or furnace cooled. The furnace cooling of some samples was performed to mimic the cooling method described in the patent:7 the crucibles were cooled to between 800 and l,OOO°C and then removed from the furnace and cooled in an argon atmosphere. The quenching was performed s o that the samples of slag and steel would be more representative of the slag and steel compositions at 1638 K. Because slag solidifies on cold alumina but steel does not, for some tests, samples of slag were drawn by dipping a cold alumina rod into the melt. Results indicated that the composition of the sampled slag was no different than that of the quenched slag: therefore, sampling was discontinued because it was more difficult to remove the slag samples from the alumina rod than from the quenched graphite crucible.
Samples of both the slag and steel were analyzed for copper and other elements of interest by atomic absorption, at the Charles C. Kawin Co.
Oxygen was measured with a Leco oxygen-nitrogen detenninator.
IV. RESULTS
The mole fraction of iron sulfide in the slag ( X F~S ) , the distribution coefficient for copper (ku), and selected results from steel analyses are summarized in Table I . All samples were analyzed for Al, C, Ca, Cu, Fe, Mg, Mn, 0, and S, except the furnace-cooled samples, which were not analyzed for oxygen. The elements of most interest from the steel analysis are listed in Table I , which reveals the copper content in the steel was reduced to <0.10 wt.% (~0 . 0 8 at.%) for many of the tests.
The LcU and the sulfur and aluminum content of the steel are plotted in Figs. 1-3, respectively, as a function of the fraction of iron sulfide in the A12S3
FeS binary mixture.
The LcU as a function of X F~S , the mole fraction of iron sulfide in the slag (Fig. l) , shows a maximum of =30 at =30 mol.% iron sulfide. Test 95-22
shows a relatively high distribution coefficient, but it is not clear whether this is an aberration. The mole fractions of ferrous and cupro s ions, the activities for copp r a n d iron, and the activity coefficient ratios calculated with Eq. 6 are given in Table 11 ; liquid is the standard state. The activity coefficient ratio for each furnace-cooled sample was not included in Table I1 because the assumption that RTlny is constant would not be as valid over the larger temperature range of the experiments. The ratio of activity coefficients is plotted in Fig. 4 as a function of the initial iron cation fraction in the slag. As iron sulfide decreases (i.e., aluminum sulfide increases), the activity coefficient ratio decreases to a value of ~0 . 1 5 .
At high iron sulfide concentrations, the ratio approaches the activity coefficient of cuprous sulfide in pure iron sulfide. 
B. Sulfur i n Steel
The sulfur content of the steel increases with iron sulfide concentration in the slag (see Fig. 2 ), and the steel apparently becomes saturated with sulfur at about XF,=S = 0.6; this may indicate a miscibility gap in the AlaS3-FeS system. For the melts in this study, aFe is a constant; therefore, aFeS is proportional to as. At low concentrations of iron sulfide, the concentration of sulfur in steel again levels off. The low asymptotic value is due to the activity of sulfur from the dissociation of aluminum sulfide at 1638 K. The contribution to the sulfur activity by iron sulfide would approach zero as the aluminum sulfide increases. Also, from the shape of the curve, it can be concluded that the activity coefficient aluminum sulfide increases to a value of < of iron sulfide decreases as the 1 at infinite dilution.
C . Aluminum i n Steel
The aluminum content of the steel decreases as the iron sulfide content in the slag increases (see Fig. 3 ) for two reasons, both related to the fact that the square of the activity of aluminum in the melt is proportional to the activity of aluminum sulfide and inversely proportional to the cube of the activity of the sulfur. First, as the activity of iron sulfide increases, the activity of sulfur increases, and the activity of aluminum decreases. Second, as the concentration of iron sulfide increases, the activity of aluminum sulfide, and thus of aluminum, decreases. Combined, the two effects lead to a decrease in the concentration of aluminum in the steel. The first effect is the larger of the two, especially at higher iron sulfide concentrations, and apparently results in the change in slope seen in Fig. 3 .
Comparing Fig. 2 and 3 indicates an apparent solubility product for sulfur and aluminum, which is equivalent to the activity of the sulfur cubed times the activity of the aluminum squared. Because we do not have information on the concentration dependence of the activity coefficients , the activities for aluminum and sulfur were calculated with the Thermocalc program for the metal compositions given in Table 1 . The solubility product aAaS is plotted in Fig. 5 as a function of the mole fraction of FeS in Al2S3. From an iron sulfide content of 10 mol.% up to about 50 mol.%, the saturation point for sulfur, the apparent solubility product is constant. The fact that the product is not complicated in that range of iron sulfide indicates a simple 
D. Eflect of Oxygen on Distribution Coeflcient
As discussed in the Experimental Setup Section, the apparatus was designed to minimize the reaction between slag and air. Given the free energies of formation for the possible metathetical reactions that involve oxygen, it is likely that most of the oxygen in the apparatus would react with aluminum sulfide to form alumina, and the remainder would react with iron sulfide to .
yield iron sulfate and iron oxide. Both reactions would result in a reduction in the expected value for the distribution coefficient. As the oxygen activity increases, the system approaches an oxide slag system in which the equilibrium constant for iron oxide being reduced by copper is extremely low (i.e., Although Table I does show a small variation in the oxygen concentration in the steel, no definite relationship can be derived between the oxygen activity and the distribution coefficient from the small amount of data available.
VI. CONCLUSIONS
The removal of copper from molten ferrous alloys is possible with the use of a sulfide-based slag, Several conclusions can be drawn from the results of this study, in which varying compositions of iron sulfide and aluminum sulfide were used as a slag:
1. The presence of aluminum sulfide reduces the activity coefficient of cuprous sulfide because the effects of the trivalent aluminum ion are greater on the activity coefficient of the monovalent cuprous cation than on the activity coefficient of the divalent ferrous cation.
2. The distribution coefficient for copper (Leu) varies with slag composition. The maximum value of kU was =30 at a composition of 30 mol.% FeS and 70 mol.% A~~S Q . As the iron sulfide content of the molten aluminum sulfide increases from zero, the equilibrium concentration of cuprous sulfide increases. However, as the iron sulfide concentration increases, the activity coefficient of cuprous sulfide 4 increases faster than that of iron sulfide because the effect of the polyvalent cation (a3+) on the monovalent cuprous cation is greater than it is on the divalent ferrous cation. Combined, the two competing effects result in a maximum at 30 mol.% FeS.
3.
A copper content in steel of ~0 . 4 wt.% can be reduced to below 0.10 wt.% (actually 0.07 wt.% in our experiment at this composition) by using a slag with a composition of 30 mol.% FeS and 70 mol.% Al2S3, with a weight one-fourth of that of the metal.
Future tests in the study will concentrate o n the effect of adding other sulfides, such as calcium sulfide and magnesium sulfide, to the Al2S3-FeS slag. Initial results indicate that the addition of magnesium sulfide may increase the distribution coefficient for copper. Other additives may also be considered.
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